Pd/FeO x catalysts were prepared by co-precipitation and characterized before and after reduction using X-ray powder diffraction, thermal analysis, CO chemisorption, electron microscopy, and X-ray photoelectron spectroscopy. Results give evidence for the encapsulation of palladium particles by iron oxide after reduction at high temperatures (523 K). Oxidation of carbon monoxide was applied as test reaction to characterize catalyst samples in different states. Strong metal-support interactions significantly enhance catalytic activity for oxidation of carbon monoxide. However, this state is not stable under the applied reaction conditions. Catalyst deactivation occurs in two ways: 1. via changes in the oxidation state of iron species and 2. due to sintering of palladium particles.
Strong metal-support interactions between palladium and iron oxide and their effect on CO oxidation
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Introduction
The term "strong metal-support interactions" (SMSI) was introduced in 1978 by Tauster et al. [1] . The authors reported considerably decreased sorption capacity for CO and H 2 on Group VIII noble metals supported on TiO 2 after reduction at 773 K, compared to the state after reduction at 473 K. The effect could be reversed by calcination of the samples at 673 K. No indication for agglomeration or sintering of the metal particles was found. The authors concluded that the observed effect was initiated by metal-metal bonding between noble metal and titanium cations or by to the formation of intermetallic compounds. Further studies proved that the effect was not restricted to TiO 2 . In 1981, Tauster et al. showed that the occurrence of SMSI correlates with the reducibility of transition metal oxides used as support [2] . was concluded that the loss of sorption capacity is caused by support species migrating onto the noble metal particles, thus reducing the accessible surface of the metal crystallites by encapsulation, rather than electronic effects induced by metal-metal bonding [3] [4] [5] [6] . In 1989, Braunschweig et al. confirmed the encapsulation model for Rh on TiO 2 by transmission electron microscopy (TEM) [7] . In another TEM study, Datye et al. visualized the encapsulation of Pt by TiO 2 in the SMSI state [8] .
The effects of SMSI states on catalytic properties are summarized in a review by Uchijima, focusing on Rh and Pd supported on Nb 2 O 5 as model catalysts [9] . In general, structure-sensitive reactions such as hydrogenolysis of hydrocarbons or hydrogenation of CO are strongly suppressed in the SMSI state. This effect is usually rationalized by geometric ensemble effects.
In contrast, structure-insensitive reactions, e. Freund and coworkers investigated the Pt/Fe 3 O 4 (111)/Pt(111) model system in UHV studies [10] [11] [12] [13] . They reported the existence of SMSI between Pt and Fe 3 O 4 . Upon annealing above 800 K, iron oxide species formed a monolayer on the surface, thereby fully encapsulated the Pt particles resulting in reduced CO adsorption capacity but increased CO oxidation activity. Indications for SMSI were also found for the systems ZnO(0001)/Pt(111), MnO/Pt(111) and Pd/FeO(111)/Pt(111) [14] [15] [16] .
CO oxidation can serve as a model reaction for more complex heterogeneous reactions [17] . It has been studied extensively using Pd as catalyst. The activity in CO oxidation on Pd on different supports is known to be influenced by the reducibility of the support [18] . The studies range from probing single crystal surfaces as well as supported catalysts. Pd supported on iron oxide is investigated in several papers [19] [20] [21] [22] [23] [24] [25] [26] . It was found that Pd supported on iron oxide is highly active in CO oxidation, at temperatures unusually low even for Pd. Independent from the pressure range, it is suggested that the reaction follows a Langmuir-Hinshelwood mechanism on Pt group metals (Pd, Pt, Rh) [27] [28] [29] . CO is adsorbed on the metal, O 2 is adsorbed on the support, and the reaction takes place at the metal/support perimeter. ions and thereby acts as oxygen sink.
Pd supported on different iron oxides has been reported to show great potential as catalyst in other reactions, i.e. aqueous-phase reforming of ethylene glycol [30] , selective dechlorination [31] and denitrification of water [32] .
In the present study, well characterized catalyst samples of Pd supported on various iron oxides are investigated aiming at a deeper understanding of the nature of the interaction between Pd and iron oxide. The oxidation of CO is applied as test reaction to characterize samples in different states. Parts of this study have already been included in a previous publication [17] . 
Experimental

Preparation
Characterization
Thermogravimetry coupled with differential scanning calorimetry (TG-DSC) was carried out in a thermobalance (Netzsch STA 449C Jupiter) connected to a mass spectrometer (Omnistar, Pfeiffer) and equipped with a gas mixing unit. To determine a suitable temperature for calcination, precursor samples were heated in a stream of pure Ar (100 mL/min) from room temperature to 1273 K with a heating rate of 10 K/min. The reduction behavior of iron oxides was investigated by heating calcined samples in a stream of 5% H 2 in Ar (100 mL/min) from room temperature to 973 K with a heating rate of 5 K/min.
X-ray diffraction (XRD) was performed in Bragg-Brentano reflection geometry on a theta/theta diffractometer (D8 Advance, Bruker AXS) equipped with a secondary graphite monochromator (Cu K 1+2 radiation) and scintillation detector. Larger amounts of sample powder, if available, were filled into a cup-shaped sample holder, the surface of the powder bed being flush with the sample holder edge. Alternatively, smaller amounts of sample were dispersed onto the surface of a low-background single-crystal silicon sample holder. XRD data in reactive atmospheres were collected in Bragg-Brentano reflection geometry on a STOE theta/theta X-ray diffractometer (Cu Kα 1+2 radiation, secondary graphite monochromator, scintillation counter) equipped with an in situ reactor chamber (XRK 900, Anton Paar). The reaction gas feed was mixed by mass flow controllers (Bronkhorst) using He as inert balance gas at a total flow rate of 100-150 mL/min.
The effluent product gas composition was monitored by a quadrupole mass spectrometer (Omnistar, Pfeiffer). Calcined samples were investigated in the initial state, after reduction in 5% H 2 at 523 K (100 mL/min), after CO oxidation reaction in gas mixtures (150 mL/min) of 4.0% CO/0.5% O 2 and of 1.0% CO/0.5% O 2 at 523 K, and finally after calcination at 673 K and 1073 K in 20% O 2 (100 mL/min). All diffraction patterns were recorded at room temperature.
Data analysis was performed using the software package Topas (v 2.1, Bruker AXS). Crystallite size values are based on the double-Voigt approach and reported as L Vol -IB values (volume weighted mean column length based on integral breadth) without further assumptions about crystallite shape or size distribution [33] . Some samples exhibited a certain degree of anisotropic peak broadening, i.e. the diffraction profile is not only a function of the diffraction angle 2 but also of the direction in the crystallites and thus hkl. Such anisotropic peak broadening can be rationalized by shape anisotropy of the crystallites. Nevertheless, the data was fitted with the isotropic double-Voigt model for more convenient parameterization of the fit results.
BET measurements were carried out in a volumetric N 2 physisorption set-up (Autosorb-6-B, Quantachrome) at the temperature of liquid nitrogen. Samples were degassed in dynamic vacuum at 423 K for 2 h prior to physisorption. Full adsorption and desorption isotherms were measured. In general, 11 points in the linear range of the desorption isotherm were considered to calculate the specific surface area according to the BET method [34] .
CO chemisorption was carried out at 313 K in a volumetric chemisorption set-up equipped for sample pretreatment in flowing gas (Autosorb-1-C, Quantachrome Titan 80-300 microscope was employed to acquire STEM and HR-TEM images. An energy dispersive X-ray detector (Genesis 4000) attached to the FEG TEM was used to conduct elemental mapping and composition analysis.
In situ X-ray photoelectron spectroscopy (XPS) was performed at ISISS beamline at BESSY II synchrotron facility at the Helmholtz Zentrum Berlin, in a setup described elsewhere [35] . The samples were mounted on a sapphire sample holder, which could be heated from the rear by an IR laser (continuous wave, 808 nm). The temperature was measured by a K-type thermocouple fixed onto the sample surface. The gas flow into the analysis chamber was controlled by mass flow controllers (Bronkhorst). Sample treatments and XPS measurements were performed simultaneously in 25 Pa of He, H 2 , or O 2 . A differentially pumped quadrupole mass spectrometer (Prisma, Pfeiffer) was connected through a leak valve to the experimental cell to monitor the gas phase composition. The photoelectron spectra were normalized by the storage ring current and the energy dependent incident photon flux, which was measured prior to the measurements using a gold foil with known quantum efficiency. The photon flux obtained has been corrected for higher diffraction orders that contribute only to the background but not to the peak intensity in XPS. The binding energy scale was calibrated with respect to the Fermi level of the electron analyzer. The XPS spectra were recorded at a constant electron kinetic energy of 150 eV by varying the excitation energy for each core orbital measured. The corresponding inelastic mean free path (IMFP) is about 0.6 nm, as calculated for pure Fe 2 O 3 using the NIST Standard
Reference Database [36, 37] . Semi-quantitative calculations were performed using normalized Fe 2p and Pd 3d intensities, taking into account the photon-energy dependence of the atomic subshell photo-ionization cross sections [38] . Peak positions were referenced to the O 1s peak following ref. [39, 40] .
Catalytic testing
The oxidation of CO was investigated as catalytic test reaction in a plug-flow reactor. The measurements were carried out in a set-up consisting of a gas dosing section, a reactor inside a copper block oven, and two on-line gas analyzer units. The gas dosing section includes lines for 
Results and discussion
Characterization of calcined samples
After investigating the Pd-containing and Pd-free precipitates by TG-DSC in Ar, a calcination temperature of 823 K was derived for both samples to enable complete precursor decomposition and crystallization of the iron oxide phase (see supporting information, Fig. S1 and Table S1 ).
XRD patterns of the calcined samples and of the Pd-containing sample after calcination at a lower temperature (673 K), i.e. before the exothermic process (cf. Fig. S1 ), are included in Fig. 1 , corresponding crystallographic data is given in Table S2 . All sharp reflections in the pattern of the samples calcined at 823 K ( Fig. 1 a+c) can be assigned to hematite (α-Fe 2 O 3 ).
Rietveld fit confirms the presence of palladium oxide as minority phase in PdO/α-Fe 2 O 3 and indicates possible shape anisotropy of the hematite crystallites in both samples (Fig. S2) .
The XRD pattern of the Pd-containing sample after calcination at 673 K ( Fig. 1 b) shows a series of reflections that are solely assigned to hematite. Some very broad reflections may be a contribution of amorphous or nanocrystalline material, which would be in line with the DSC profile (Fig. S1 ). Rietveld fit of the profile using two patterns of hematite with different crystallite sizes gives a good approximation of the experimental profile.
SEM micrographs of the calcined samples confirm the results obtained by XRD and TG-DSC (Fig. 2) . After calcination at 823 K uniformly elongated particles with widths and lengths in the range of 10 and 100 nm, respectively, can be seen (Fig. 2 b) . After calcination at 673 K much smaller particles, almost not distinguishable using SEM, are observed (Fig. 2 a) . EDX analysis of the Pd containing samples gave local palladium contents of 2.0-2.1 wt. %, which is in excellent agreement with the nominal content and confirms the homogeneous distribution of Pd.
The data from N 2 physisorption experiments shown in Fig. S3 are in qualitative agreement with the results obtained by TG-DSC, XRD and SEM. The adsorption isotherms of the Pd-free and the Pd-containing sample after calcination at 823 K are both of type IV with a hysteresis of type H1, typical for agglomerates of compact particles [31] . The fact that the BET surface area of the Pd-free sample is slightly smaller than that of PdO/α-Fe 2 O 3 is in accordance with the higher L vol -IB value of the α-Fe 2 O 3 phase derived from XRD, which is a measure for the crystallite size. The N 2 adsorption isotherm of the Pd-containing sample after calcination at 673 K is of type IV with a hysteresis of type H2, typical for porous materials with ill-defined pore structure [31] .
Characterization of reduced samples
The calcined samples were reduced in TG-DSC experiments to determine a temperature suitable for reduction of hematite to magnetite (Fe 3 O 4 ). TG and DSC profiles are shown in Fig. S4 , details are given in Table S1 . The data measured on pure α- Fig. 1 , corresponding crystallographic data is given in Table S2 . All major reflections in the pattern of PdO/α-Fe 2 O 3 after reduction at 523 K can be assigned to magnetite (Fig. 1 d) . Rietveld fit indicates the presence of palladium, palladium oxide and iron as minority phases (Fig. S5 ).
There is no indication in the Rietveld fit for any shape anisotropy of the magnetite crystallites.
The profile of Pd/Fe 3 O 4 calcined at 673 K shows reflections that can only be assigned to maghemite (γ-Fe 2 O 3 , Fig. 1 e) . There exist two structural models for maghemite: a simpler cubic model and a more complex tetragonal structure built up of three cubic unit cells [41, 42] . (Table S2) . This is also reflected by the N 2 physisorption data included in Fig. S3 . There is no change in the shape of the adsorption isotherms compared to the Pd-containing precursor material after calcination at 823 K. The only difference is an increase in BET surface area in case of PdO/γ-Fe 2 O 3 ( Fig. S3 d) .
To investigate the size and the distribution of palladium particles, HR-TEM and STEM in HAADF (high-angle annular dark field) mode were applied on PdO/α-Fe 2 O 3 after reduction at 523 K and transfer into the microscopes without contact to air (Fig. 3) . The results show that two different types of Pd particles exist in the sample. By HR-TEM only very few and relatively large Pd particles in the range of 5-10 nm were found (Fig. 3 a) . In contrast, HAADF STEM experiments revealed the presence of numerous small Pd particles with a mean diameter of 1.0±0.5 nm, visible as white dots (Fig. 3 b) . Elemental mapping of Pd, Fe, and O showed that, with the exception of the few larger particles, Pd is homogeneously distributed on the iron oxide, and EDX confirmed the nominal Pd content of the sample.
In summary, co-precipitation was successfully applied to yield precursor materials for Pdcontaining catalysts supported on different iron oxides. The type of iron oxide could be set by applying different thermal treatments, carefully chosen based on TG-DSC data: hematite, magnetite, and maghemite are accessible without other iron oxide phases present (Fig. 4) . In all cases, well defined and homogeneous catalysts with large specific surface areas and a high dispersion of Pd were accessible. The crystallite size of iron oxide particles was in the range of 20 nm, while the vast majority of Pd particles had crystallite sizes in the range of 1-2 nm. A reference Pd catalyst supported on SMSI-inert CNT with comparable Pd particle size was synthesized by impregnation of CNT (cf. supp. information). CO chemisorption experiments consisted of measuring the adsorption isotherm of CO twice, with evacuation in dynamic vacuum in-between. Both adsorption isotherms and their difference, which represents the amount of strongly adsorbed CO, are shown in Fig. 5 , details are given in Table S3 . Fig. 5 a) Upon reduction of the sample at 523 K, a state in which the iron oxide support is in its partially reduced form of Fe 3 O 4 , more than 90% of the free Pd surface area is lost and dispersion goes down to 2% (Fig. 5 b) . If this loss was due to sintering and particle growth, the resulting particles should have a mean diameter of about 47 nm. Nevertheless, only a few particles in the scale of Few Pd particles in the range of 5 nm and many particles in the range of 1 nm were observed, which is similar to the results obtained for PdO/α-Fe 2 O 3 after reduction at 523 K (Fig. 3 a+b) .
Strong-metal support interaction between Pd and iron oxide
Looking at the Pd particles located at the edge of the iron oxide particles, an amorphous overlayer can be seen that consists of iron oxide, depicting what could possibly be the SMSI state. Since beam irradiation for several minutes has not shown significant changes to the particles and overlayers, carbon accumulation on the particles can be excluded (Fig. S7) . CO chemisorption experiments investigating the reference sample PdO/CNT after reduction at 423 K and 523 K showed a similar degree of sintering of Pd particles (see Fig. S8 and Table S3 ),
but not the huge loss of free Pd surface area observed for Pd/γ-Fe 2 O 3 , which can be explained by the non-reducible CNT support that is not capable of encapsulating the Pd particles.
To clarify if the overlayer on Pd particles seen in Fig. 6 is iron oxide, in situ XPS measurements were performed under reducing and oxidizing conditions ( Fig. 7 and Table S4 
Catalytic activity results
The oxidation of CO was investigated as catalytic test reaction to characterize PdO/α-Fe 2 O 3 and PdO/γ-Fe 2 O 3 , and to probe the effect of SMSI on the catalytic properties. Pd/CNT and α-Fe 2 O 3
were tested for comparison. CO conversion of 0.065% at 523 K was measured on α-Fe 2 O 3 (after reduction at 573 K), with no activity detected below 473 K. Thus, any contribution of the iron oxide support to CO conversion measured on Pd-containing catalysts can be neglected.
The first CO oxidation experiment was carried out under steady-state conditions on initial PdO/α-Fe 2 O 3 . After temperature-programmed reduction at 523 K to yield Pd/Fe 3 O 4 (cf. Fig. 4 ), followed by cooling to room temperature in Ar, isothermal CO oxidation conditions were applied at 373 K, 403 K, 423 K, and 433 K for 4 h, respectively, yielding data set a) in the Arrhenius plot shown in Fig. 8 . The measurement was repeated after cooling from 433 K to 373 K, giving data set b) in Fig. 8 . After measuring data set b), the molar fraction of CO was kept at 1.0%, but the molar fraction of O 2 was changed to 1.0%, then to 2.5%, and back to 1.0%. Under each condition, catalytic data were measured for 4 h at 373 K, 403 K, 423 K, and 433 K, respectively, repeating the measurement after cooling to 373 K. Finally, the molar fraction of O 2 was set again to 0.5%, and data sets c) and d) in Fig. 8 were measured. It can be clearly seen, that the catalyst deactivates drastically in the course of the experiment. The fact that the apparent activation energies E a derived from the Arrhenius plot change from 33 kJ/mol for data set a) to 70 kJ/mol for data set d) indicates that the deactivation is related to a change of the nature of the active sites with time on stream rather than to simple sintering of Pd particles. Assuming that the SMSI state was formed after the initial reduction, it seems to be destroyed quickly after applying CO oxidation conditions. Mass transfer calculations were carried out at the highest rate for initial PdO/Fe 2 O 3 after reduction at 523 K to yield Pd/Fe 3 O 4 (cf. Fig. 8a ). The Weisz-Prater criterion was calculated at 8.5·10 -3 , indicating negligible internal mass transport limitation (see supplementary information) [44] .
To probe and compare the deactivation behavior of different samples, CO oxidation was carried out in temperature-dependent cycles (Fig. 9) . After reductive pre-treatments the samples were heated in the reactive feed to 523 K with 1 K/min and cooled to room temperature, five heating/cooling cycles were conducted. Values of T 50 , the temperature at 50% CO conversion, are given in Table S5 . For all iron oxide samples, the main part of deactivation occurred during the first heating cycle. Since after pre-reduction at 523 K the T 50 values for initial PdO/α-Fe 2 O 3
( Fig. 9 a) and initial PdO/γ-Fe 2 O 3 ( Fig. 9 c) STEM shows that Pd particles in the deactivated state after CO oxidation are significantly larger compared to Pd particles on a freshly reduced sample (Fig. 3 b+d) , suggesting that sintering is one reason for deactivation of the Pd supported iron oxide catalyst. For Pd/CNT sintering should be the main deactivation route (Fig. 9 d) . Formation of SMSI or changes in the oxidation state of the support are not expected to play a role because of the non-reducibility of the carbon support.
After activation during the first cycle, the performance of Pd/CNT was stable during cycles 2-5.
Subsequent to the heating/cooling cycles, steady-state measurements under isothermal conditions were carried out. Based on the results of the cycling experiments, an individual temperature range for steady-state measurements was chosen for each catalyst. Within this region, the sample was heated up in steps of 10 K and then cooled down in steps of 5 K. The data collected during cooling down is shown in Fig. 10 on samples that previously were exposed to the conditions applied in Fig. 9 . Additionally, data measured on PdO/α-Fe 2 O 3 after reduction at 523 K without previous temperature cycling (data set a) in Fig. 8 In situ XRD experiments were carried out on initial PdO/α-Fe 2 O 3 to clarify whether possible bulk changes in the iron oxide support can serve as another reason for the deactivation of the catalyst under CO oxidation conditions, besides sintering of the particles (cf. Fig. 3 b+d) . Fig. S9 indicates that in the initial state, all iron oxide is found to be hematite. After reduction in 5% H 2 at 523 K the iron oxide is mainly present as magnetite, hematite being a small minority phase. Fig. 9 ). The changes of E a shown in Fig. 9 took place over the course of days and are therefore most likely caused by sintering of the Pd particles and the associated loss of active surface area.
In summary, Pd particles supported on iron oxide are much more active for CO oxidation than Pd particles supported on CNT, highlighting the widely-studied role of oxide supports for CO oxidation over metal catalysts. 
Conclusions
Co-precipitation was successfully applied to synthesize the precursor material for Pd catalysts supported on iron oxide. The resulting iron oxide can either be hematite, magnetite or maghemite depending on the subsequent processing of the precursor material. In all cases, well defined catalysts with high specific surface areas and high dispersion of Pd were obtained. We have shown that the SMSI state is easily decomposed in the presence of oxidizing atmospheres, however this highly active state may be stable under highly reducing atmosphere (e.g. in excess H 2 ). Therefore, the use of Pd/iron oxide as a catalyst for the preferential oxidation of CO in presence of hydrogen -a reaction critical to H 2 purification for fuel cell applications, may be feasible.
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